Binary iron group ͑IG͒-rare earth ͑RE͒ and ternary IG-RE-B alloys were codeposited from aqueous chloride and sulfamate solutions containing glycine as the complexing agent. The effects of solution composition and deposition conditions on deposit composition, coercivity, and morphology were investigated using dc and pulse current electrodeposition, resulting in nanocrystalline deposits approaching amorphism ͑grain size, ϳ5 nm͒. Continuing research indicates substantially increased RE deposit contents have been achieved with modifications in solution composition and ratios of IG and RE to glycine with applied current density у 300 mA cm Ϫ2 and vigorous agitation; e.g., CoSm deposits containing 15-18 atom % Sm have been obtained. A mechanism for the codeposition of the alloys is proposed. It involves hetero-nuclear glycinato coordination complexes as a result of the zwitterionic characteristics of glycine. The complexes adsorbed on the cathode provide step-wise reduction of the depositing metals with surface adsorbed H atoms and/or direct electron transfer, resulting in alloy deposits. There is increasing interest and industrial use of permanent magnetic thin films and materials in automotive, aircraft/aerospace, consumer electronic industries, information ͑memory storage͒ technology, and micro-or nanoelectromechanical systems. Additionally, devices and applications with reduced size, less weight, more reliability, and cost-effectiveness, require different or improved permanent magnetic properties. Recent developments have focused on cobalt-rare earth and iron-rare earth permanent thin film alloys; further, improved magnetic properties have been achieved by appropriate thermal treatment of these new alloy deposits. 2 found that sputtered Co-Gd and Fe-Gd thin films exhibit perpendicular anisotropy, resulting from antiferromagnetic coupling between Gd and Co or Fe atoms. Subsequently, numerous binary and ternary iron group ͑IG͒ and rare earth ͑RE͒ alloy thin films have been prepared by various vacuum deposition processes ͑primarily sputtering͒: Fe-Gd, Co-Gd, Co-Tb, [3] [4] [5] Fe-Gd-Tb, 6, 7 Fe-Co-Dy, 8, 9 Tb-Fe-Co, 10 and quaternary Fe-Co-Gd-Tb.
There is increasing interest and industrial use of permanent magnetic thin films and materials in automotive, aircraft/aerospace, consumer electronic industries, information ͑memory storage͒ technology, and micro-or nanoelectromechanical systems. Additionally, devices and applications with reduced size, less weight, more reliability, and cost-effectiveness, require different or improved permanent magnetic properties. Recent developments have focused on cobalt-rare earth and iron-rare earth permanent thin film alloys; further, improved magnetic properties have been achieved by appropriate thermal treatment of these new alloy deposits. 1 In 1973, Chaudhari et al. 2 found that sputtered Co-Gd and Fe-Gd thin films exhibit perpendicular anisotropy, resulting from antiferromagnetic coupling between Gd and Co or Fe atoms. Subsequently, numerous binary and ternary iron group ͑IG͒ and rare earth ͑RE͒ alloy thin films have been prepared by various vacuum deposition processes ͑primarily sputtering͒: Fe-Gd, Co-Gd, Co-Tb, [3] [4] [5] Fe-Gd-Tb, 6, 7 Fe-Co-Dy, 8, 9 Tb-Fe-Co, 10 and quaternary Fe-Co-Gd-Tb. 11 
Sputtered
Co-Sm deposited at room temperature contained Ͼ 10 atom % oxygen which increased to ϳ17.4 atom % with increased substrate temperature ͑350°C͒, resulting in mixed phases with coercivities, Hc ϭ 2380 Oe; formation of nonferromagnetic phases (Sm 2 O 3 , CoO), decreased magnetic saturation. 12 Room-temperature sputtered SmCo 5 , SmCo 2 , and SmCo 2 Ni 3 over chromium underlayers, in the as-deposited amorphous state, exhibited low coercivities ͑ϳ100 Oe͒ which greatly increased to 40 kOe after annealing at 550-600°C for 30 min; 13, 14 no enhancement of coercivity was observed after annealing deposits without the Cr underlayer. The nanocrystalline structure developed with annealing the Cr/RE alloy deposits was responsible for the increased coercivity, the Cr underlayer promoting c-axis texture in the RE alloy films and increasing in-plane magnetic anisotropy. 13, 14 IG-RE thin films exhibit low Curie temperatures and strong temperature dependence of coercivity, i.e., they exhibit large coercivities ͑hard magnetic properties͒ at room temperature and low coercivities ͑soft magnetic properties͒ at elevated temperatures, making them ideal candidates with read, write, and erase capabilities for high density storage media. Sputtered thin films of IG-RE alloys have been utilized as magneto-optical recording media. 15, 16 However, the low corrosion resistance of these thin-film coatings affects their durability. Development of nanocrystalline or amorphous thinfilm electrodeposits should enhance their corrosion resistance.
The development of high-performance permanent magnetic deposits containing Nd-Fe-B in 1983 stimulated interest in new magnetic materials. 17, 18 There has been increasing interest in these highperformance magnetic materials with the development of Nd 2 Fe 14 B magnets with energy products Ͼ 50 MGOe. 19 Thin films of Nd-Fe and NdFeB alloys have been prepared by physical vapor ͑vacuum͒ deposition 18 and melt spinning. 1 As above, considerable increased deposit coercivity was obtained with Cr and Ti underlayers ͑500 Å͒, from Ͻ30 Oe to 3.7 kOe, at room temperature and elevated temperature ͑650°C͒, respectively. 20, 21 Anticipated growth in world markets for NdFeB and other REcontaining alloys will depend largely on fabrication costs. 19 Physical vapor deposition ͑PVD͒ processes are not as cost effective as aqueous electrodeposition processes. Dini cited sources indicating that PVD processes may be as much as ten times more costly than electrodeposition. 22 Electrodeposition is a simpler, more versatile, and less expensive technology. It has numerous advantages over other deposition technologies, e.g., less costly and easily maintained equipment, requiring less energy and space, or relatively low temperature operating conditions. Deposits and their properties can be tailored because they are determined by solution composition and operating conditions. The resulting films can be crystalline with controlled grain size or amorphous, metallic, or nonmetallic. 23 Furthermore, Schindler et al. indicate quality thin-film magnetic electrodeposits can be produced under conditions equivalent to a vacuum deposition condition of 5 ϫ 10 Ϫ10 mbar. 24 RE metals and alloys have been electrodeposited from organic electrolytes. [25] [26] [27] [28] The solvents investigated include ethanol, ethylenediamine, propylene carbonate, formamide, dimethyl formamide, dimethyl sulfoxide, with or without supporting electrolytes or complexants. [29] [30] [31] Few studies of the electrodeposition of RE alloys from aqueous electrolytes, however, have been reported. 32, 33 RE metals are extremely base metals with reduction potentials Ͻ Ϫ2 V and, therefore, deposition may not be readily obtained because of the onset of vigorous hydrogen evolution. This is similar to the difficulty of aqueous electrodeposition of molybdenum, tungsten, or vanadium, with similar large reduction potentials. However, IG alloys with Mo, W, or V have been electrodeposited from aqueous solutions. [34] [35] [36] [37] [38] [39] [40] Brenner 41 reviewed the various hypotheses advanced to explain induced codeposition of these reluctant elements. These include: ͑i͒ cathode surface condition and a catalytic effect, (ii) complexation with organic ligands, (iii) surface oxide films reduced by hydrogen, (iv) increased positive deposition potential resulting in solid solution or intermetallic compound deposits. Hydrogen also was considered an inducing element accompanying the discharge of the IG metal. Brenner indicated, however, that hydrogen can act alone, citing the electrodeposition of chromium from chromic acid solutions and electroless deposition of NiP and CoP.
In 47 suggested the codeposition of IG-Mo alloys from citrate solutions also involves adsorbed intermediates. They considered two types, one for the IG species and a mixed species with Mo-ML for the Mo reduction.
RE complexes with aminopolycarboxylic acids ͑e.g., ethylenediamine tetraacetate, EDTA; nitrilotriacetate, NTA͒ and aliphatic carboxylic and hydroxycarboxylic acids have been studied extensively because of their stabilities with differences in stability constants of RE complexes, providing means of separating and purifying mixtures of REs. 48 The aliphatic RE aminocarboxylic acid complexes ͑e.g., glycine, alanine͒ are less stable and have not been studied as extensively. 49 Ethylenediamine tetramethylenephosphonic acid complexes ͑analogous to EDTA͒ with 153 Sm͑III) have been used as radiotherapeutic agents to treat skeletal metastases. Because tumor cells show increased intake of ␣-aminoacids, complexing Sm with glycine may provide a mechanism to introduce 153 Sm͑III) into tumor cells. 50, 51 In this paper, we report an extension of our investigations of binary IG-RE and ternary IG-RE-B electrodeposition with dc and pulsed current ͑PC͒ from aqueous sulfamate and chloride electrolytes containing glycine as the complexer. 32, 33, 52 The deposits have metallic characteristics and, although not addressed in this paper, they exhibit distinct magnetic hysteresis loops.
Experimental
The plating solutions were chloride-or sulfamate-based, typically containing 0.3 or 0.9 M RE ions, 0.12 M IG ions, 1 M ammonium ions, and 0.36 M glycine, unless otherwise noted. Ternary IG-RE-B alloys were deposited from similar chloride-solution compositions containing dimethylamineborane ͑DMAB͒ or glyceroborate. Ammonium chloride or ammonium sulfamate were added as conducting salts and glycine as the complexing agent. Solution pH was controlled with hydrochloric acid, sulfamic acid, or ammonium hydroxide. Unless otherwise noted, the solutions ͑100 mL͒ were used at room temperature ͑ϳ23°C͒ and were either quiescent or agitated with a magnetic stir bar. A methylmethacrylate channel cell (15.5 cm long ϫ 4.4 cm high ϫ 2 cm wide, solution depth 3 cm͒ was used with vigorous agitation using an oscillating paddle ͑60 cycles/min with a 5.5 cm stroke͒ for electrodeposition at higher current densities ͑150-400 mA cm Ϫ2 ͒; the electrode widths were also 2 cm wide, providing a parallel equipotential field resulting in uniform deposition. Brass served as the cathode substrates; soluble IG or platinized Ti anodes were used, the latter to prevent increased IG ion concentration when required. An EG&G PAR potentiostat/ galvanostat, model 173, served as a constant current source (charge passed ϭ 60 C unless otherwise noted͒.
The REs investigated were Ce, Nd, Sm, and Gd. The RE salts were prepared by reacting the respective oxides with hydrochloric acid or sulfamic acid, except Ce, which was used directly as the chloride, CeCl 3 .
The RE deposit content was determined by either energy dispersive X-ray analysis ͑EDX͒ or chemical analysis, the latter by a procedure described previously. 32 The IG deposit content was determined by atomic absorption ͑AA͒ spectroscopy. The B deposit content was determined colorimetrically at ϭ 575 nm, using 1% Alizarin Red S in concentrated H 2 SO 4 , based on a modification of the procedure described in Ref. 53 .
Discussions of the magnetic deposit properties are based on measurements with a vibrating sample magnetometer ͑model 1660 ADE Tech.͒, deposit microstructure, and grain size by X-ray diffraction ͑XRD͒ and surface morphology by scanning electron microscopy ͑SEM͒.
Results and Discussion
Initial parametric studies of the electrodeposition of IG-RE alloys were performed using a Hull cell, which provides a rapid scanning of the effect of current density ͑CD͒ and pH ranges on deposit appearance and composition. 33 Chloride solutions were used at room temperature. Agitation was provided by a reciprocating paddle ͑48 cycles/min͒ adjacent to the brass cathode. Glycine, based on a previous study, was selected as the complexing agent. 32 Neodymium, Nd, ͑Fig. 1a͒ and gadolinium, Gd, ͑Fig. 1b͒ were the rare earths selected. The RE deposit exhibited a dependence on solution pH and applied CD. Increasing the pH from 4 to Ͼ5 and the CD from 5 to 40 mA cm Ϫ2 resulted in an almost linear increases in the Nd deposit content alloyed with Fe and Co; Ni-Nd deposits, however, showed a maximum deposit Nd content ͑ϳ12 wt %͒ from solution pH 4.8 at 10 mA cm Ϫ2 ͑Fig. 1a͒. The IG-Gd alloy deposits exhibited similar linear increases in the Gd deposit content with increasing solution pH and CD ͑Fig. 1b͒. For example, the Gd deposit content ͑Co-Gd deposit͒ increased from ϳ2 wt % at 5 mA cm Ϫ2 to 6 wt % at 40 mA cm Ϫ2 from a solution of pH 4.0; whereas it increased from ϳ5 wt % at 5 mA cm Ϫ2 to 14 wt % at 40 mA cm Ϫ2 from a solution of pH 5.0. Similar RE deposit increases with increased solution pH and CD were obtained with Ni and Fe codeposition; at solution pH 4.0, however, the Gd deposit content ͑Fe-Gd͒ remained fairly constant ͑Ͻ2 wt %͒ over the CD range, 5-40 mA cm Ϫ2 . These trends indicated increased solution pH and applied CDs are controlling variables to increasing deposited RE contents.
Substituting equimolar concentrations ͑0.36 M͒ of other ␣-amino acids, alanine (CH 3 CHNH 2 COOH) and serine (HOCH 2 CHNH 2 COOH), for glycine (H 2 NCH 2 COOH) resulted in a lower Nd deposit content for Co-Nd deposits ͑Fig. 1c͒: glycine Ͼ serine Ͼ alanine. The additional methyl group resulted in a lower Nd deposit content; the presence of the ␤-hydroxyl adduct ͑serine͒, however, resulted in a higher Nd deposit content, compared to alanine. It is suggested that these amino acids possibly complex more strongly with either or both the IG and RE ions, reducing the deposit RE content.
To evaluate the effectiveness of the amine-substituent to the carboxylic acid as the complexing agent, ethylenediamine (NH 2 CH 2 CH 2 NH 2 ) replaced glycine in a Ni-Nd solution. The codeposition of Nd was dependent on solution pH and applied CD. At solution pHs of 4 and 5 and CD Ͻ 10 mA cm Ϫ2 , practically no Nd codeposited ͑Ͻ0.1 wt % and Ͻ1 wt % Nd, respectively͒; increasing CD Ͼ 10 mA cm Ϫ2 , however, a maximum 5.8 Nd deposit content was obtained at 15 mA cm Ϫ2 . 32 Figure 2 shows the effect of varying the Ce concentration ͑0.3 and 0.9 M͒ and increased applied CD range ͑to 600 mA cm Ϫ2 ͒ on the Ce content of CoCe deposits. Plating conditions included agitation ͑magnetic stir bar͒, higher solution pH ͑6.4-7.1͒, and room temperature ͑23°C͒. The Ce deposit content from 0.3 M solution was ϳ3.5 atom % at CD ϭ 300 mA cm Ϫ2 , becoming nonmetallic with higher CD. The 0.9 M solution produced metallic deposits which increased almost linearly from a Ce deposit content of ϳ10 atom % at 300 mA cm Ϫ2 to ϳ39 atom % at 600 mA cm Ϫ2 . With both Ce solution concentrations, the current efficiencies ͑CE͒ decreased with increasing CD. At CD ϭ ϳ50 mA cm Ϫ2 , the CE of the 0.3 M solution was ϳ80 and ϳ60% for the 0.9 M solution decreasing to slightly above 20% at 300 mA cm Ϫ2 and slightly below 20% at 600 mA cm
Ϫ2
, respectively. Maximum coercivity ͑Ͼ250 Oe͒ was Journal of The Electrochemical Society, 151 ͑7͒ C468-C477 ͑2004͒ C469 achieved with deposits ϳ1 atom % Ce from the 0.3 M Ce solution at CD 60-100 mA cm Ϫ2 . After our report on IG-RE electrodeposition, 33 a preliminary study of the electrodeposition of ternary FeNdB and NiNdB alloys from Cl-based solutions containing dimethylamineborane ͑DMAB͒ as the B source was initiated. This was prompted by recent developments of these high performance magnetic materials. For the ternary FeNdB alloy deposits from similar solution compositions, the Nd deposit content was ϳ5 atom % at 60 mA cm Ϫ2 ; the B deposit content was Ͻ0.5 atom %. Increasing DMAB concentration to 0.4 M resulted in increased B deposit content and CE decreased from ϳ40 to ϳ23% between 10-60 mA cm
. Substituting glyceroborate as the B source, resulted in increased B content in FeNd and NiNd deposits. Continued efforts to approach the Nd 2 Fe 14 B alloy composition by electrodeposition will require modifying the solution composition and operating variables in the direction of results being obtained with sulfamate solutions ͑vide infra.͒.
Deposits from the chloride solutions exhibited high tensile stresses. Equivalent sulfamate-based solution compositions resulted in reduced deposit stress. The RE oxides were reacted with sulfamic acid; the other solution constituents were also sulfamate compounds, excepting glycine. The data points shown in the figures represent deposits with metallic appearance, beyond which the deposits were characterized as nonmetallic. The deposit contents are reported as atomic percent.
The effects of increasing CD on RE deposit content of IG-RE ͑Nd,Sm,Gd͒ deposits are shown in Fig. 3 ; solution pHs maintained at 6.5-7.0. For Nd-containing IG solutions, the RE deposit content increased, Ni Ͼ Fe Ͼ Co ͑Fig. 3a͒; for Sm solutions, Fe Ͼ Co Ϸ Ni ͑Fig. 3b͒; for Gd solutions, Ni Ͼ Fe Ͼ Co ͑Fig. 3c͒. Except for the Co-Gd deposits ͑5 atom % Gd͒, which appeared independent of the applied CD, the RE deposit contents increased with increasing CD; the CD range for metallic Fe-RE deposits did not extend as far as the other alloys, however.
The dependence of deposit composition on CD and pH observed in the Hull cell experiments with Cl-based solutions is also evident with deposits from sulfamate solutions. FeNd deposits from solutions containing 0.3 M Nd ϩ 0.12 M Fe show the Nd deposit contents increase linearly with increasing CD ͑Fig. 4͒. At CD ϭ 20 mA cm Ϫ2 , the deposit Nd content was 2 atom %; at CD ϭ 150 mA cm Ϫ2 , it increased to 11.25 atomic %, which is approaching the 11.75 atomic % of the Nd 2 Fe 14 B alloy. The CE decreased with increasing CD, from ϳ30 to ϳ10% in the CD range 20 to 150 mA cm Ϫ2 . Deposit coercivities decreased from ϳ275 to р50 Oe. Co-Sm deposits ͑Fig. 5͒ show similar linear increases in Sm content with increasing CD, resulting in a Sm deposit content ϭ 6.5-7.5 atomic % at CD ϭ 400 mA cm
. Although this is lower than the Sm content ͑16.7 atom %͒ of the desired SmCo 5 alloy, efforts to increase the Sm deposit content are being pursued ͑vide infra͒. A CE decrease, from ϳ25 to р10% in the CD range 25 to 100 mA cm Ϫ2 , becoming fairly constant in the 100 to 400 mA cm Ϫ2 range, is also observed. The relationship of deposit composition with solution pH is exemplified by the linear increase in Gd deposit content ͑Co-Gd͒ with increasing solution pH ͑Fig. 6a͒. However, although the Gd deposit content reached 5 atom % with solution pH 7, the composition remained constant over the applied CD range ͑Fig. 3c͒; the grain sizes did not exceed 5 nm ͑XRD data͒.
The concentration of the complexer, glycine, also affects the deposit composition. Figure 6b shows the sharp, asymptotic decrease in the Gd deposit content ͑Co-Gd͒ with the increase in the glycine solution concentration, which is generally observed with other IG-RE deposits. As indicated above, the Gd deposit content is ϳ5 atomic % with a glycine solution concentration equal to 0.36 M. However, lowering the glycine concentration to 0.1 M, the Gd deposit content increased to ϳ40 atom % and the as-deposited coercivity was maximum ͑ϳ75 Oe͒; unfortunately, solution stability is compromised, i.e., with insufficient complexer concentration, it becomes unstable.
The surface deposit morphology is related to the deposit composition, which depends on the solution pH. This is illustrated by the SEM micrographs of Co-Gd deposits ͑Fig. 7a-c͒. Deposits containing ϳ2 atomic % Gd from pH 4 solutions ͑Fig. 7a͒ are nodular with fine cracks; ϳ3 atomic % Gd deposits from pH 5.7 solutions ͑Fig. 7b͒ are less nodular ͑i.e., somewhat smoother͒ but with larger cracks; ϳ5 atomic % Gd deposits from pH 7.1 solutions ͑Fig. 7c͒ are smooth, devoid of nodules with a lower density of fine cracks. The deposit surface morphology is also related to the solution deposition temperature. Figure 8a shows that varying temperature ͑23-70°C͒ of solutions with the same composition and deposition conditions as Fig. 3c does not affect the Gd deposit content ͑ϳ5 atomic %͒, although the CE increases from ϳ7.5 to ϳ22.5%, respectively. Under these conditions, the deposits are smooth; however, the deposit crack patterns are affected by the solution temperature. With room temperature ͑ϳ23°C͒ deposition, the deposit has a dense, fine crack pattern ͑Fig. 8b͒. Holstein and Juttner 29 reported similar crack patterns in IG-RE electrodeposits from nonaqueous, organic electrolytes. As the solution temperature is elevated, the resulting crack pattern deposit is less dense, but with wider cracks, possibly indicative of some stress relief and/or contraction of the deposit ͑Fig. 8c,d͒. Although not shown, XRD spectra indicated the deposits were nanocrystalline, almost amorphous; the grain size of the Co-Gd deposits containing 5-7.5 atom % Gd ͑and similar Co-Sm deposits͒ was Ͻ5 nm, irrespective of applied CD.
Some preliminary results of the effect of pulsed current modification on Co-Sm deposit compositions are shown in Fig. 9a,b . The duty cycle, ␥, is the ratio of T on /(T on ϩ T off ) and the average CD, I ave. ϭ (peak CD, Ip)␥. For a pulse frequency of 10 Hz and ␥ ϭ 0.1, the deposit Sm content increased. The CE remained quite constant ͑6%͒ over the CD range ͑Fig. 9a͒. Figure 9b shows the effect of increased duty cycle from 0.05 to 1.0, maintaining the average CD at 400 mA cm
, on the Co-Sm deposit compositions. Magnetic properties were influenced by the deposit duty cycle with maximum coercivity ͑ϳ100 Oe͒. Sputtered SmCo 5 deposits with Cr underlayers also exhibited ϳ100 Oe until annealed, which increased coercivity dramatically to ϳ40 kOe; the low, as-deposited coercivity was attributed to amorphous deposits, which developed a nanocrystalline structure. 13, 14 Based on the above results and trends discussed in this paper, continuing research indicates increased RE deposit contents can be obtained by modifying the solution RE:IG and RE:glycine ratios. For example, work in progress shows that deposits containing 15-18 atomic % Sm (SmCo 5 ϵ 16.7 atom % Sm͒ have been produced from solutions containing 0.9 M Sm ϩ 0.06 M Co ϩ 0.18 M glycine. Thus, the RE:IG ratio was increased to 15:1 ͑from 7.5:1͒ and their ratios with respect to glycine modified to RE:glycine ϭ5:1 ͑from 2.5:1͒ with the IG:glycine ratio remaining at 0.33:1. Insoluble anodes are preferred because soluble anodes increase the IG ion concentration, resulting in lowered RE deposit. Current densities у300 mA cm Ϫ2 and solution pH у 6.5 with vigorous agitation appear to be the necessary plating conditions. 
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Deposition mechanisms.-Rare earth complexes with ethylene diaminocarboxylic acids, aminopolycarboxylic acids and aliphatic ͑poly͒carboxylic acids and hydroxycarboxylic acids have been studied extensively because of their stabilities and differences in stability constants, providing applications for ion exchange separation of mixtures of rare earth compounds. Moeller et al. 48 provided a detailed review of the coordination chemistry of the rare earth metals. However, mononuclear and dinuclear rare earth coordination compounds with aliphatic amino-monocarboxylic acids ͑e.g., glycine, alanine͒ have not been studied extensively.
Zvyagintsev and Goncharov 49 observed no complexation with dilute concentrations ͑0.015 M͒ of Nd or Pr, relative to large ratios with glycine ͑1:1000 and 1:100͒ at solution pH ϳ 6. Increasing Nd concentration to 0.03 M, resulting in increased pH ͑9.7͒, indicated N-Nd-O coordination bonds. Partial neutralization of glycine appears optimum for complexation, resulting in 1:1 ͓NdGly͔ 2ϩ and 1:3 ͓Nd͑Gly) 3 ] 0 bidentate and polydentate, respectively. With the mole ratio n Ͼ 3 and pH Ͼ 8, the complex is progressively replaced with (OH͒:͓Nd͑Gly
; at pH 9, Nd precipitated as Nd͑OH) 3 .
Torres et al. 50 investigated complexing 153 Sm with ␣-amino acids as potential radiotherapeutic agents because they show increased intake in tumor cells, providing a mechanism to introduce the Sm into the cells. Mononuclear and dinuclear complexes were found in solution ͑pH 1.5-5.3͒ with the amino acid acting as a bridge. Together with mononuclear complexes ͑ratios 1:1 and 1:3 L͒, they detected dinuclear ͓Sm 2 (HGly) 6 ͔ 6ϩ and ͓Sm 2 (HAla) 4 ͔ 6ϩ complexes. Most of the complexes were zwitterionic, with coordination through the carboxyl groups, the amino nitrogens protonated and uncoordinated. Subsequent investigations with other aliphatic and heterocyclic amino acids confirmed coordination through the carboxyl groups. 51 Shcherbakova et al. 55 studied complexes of Fe͑III͒ with aliphatic amino acids and peptides, which might be considered analogous to RE͑III͒ complexes. In solutions with pH Ͻ 2.9, the complex depends on the glycine concentration: at 1 Fe: 1000 HGly ratio, mononuclear complexes dominate; at 1 Fe:100 HGly, dinuclear com- Berezina et al. 56 investigated codeposition of Fe-Ni alloys from solutions containing single-metal glycine and heteroligand citrateglycine complexes. In the codeposition of Fe-Ni alloys from the mixed complexes the usual anomalous codeposition ͑Fe depositing at a higher rate than Ni͒ exhibited with chloride or sulfate electrolytes is not observed. The addition of glycine in the citrate electrolyte results in heteroligand Ni complexes and decomposition of dinuclear Ni citrate complexes with enhanced current efficiencies for Ni deposition. Increasing ratios of Fe:deprotonated glycine resulted in increased stability constants ͓Fe͑Gly) 3 
The enhanced deposition of Fe from citrate-glycine solution ͑pH 4-6͒ may be the result of the ''accumulation of protonated ͓Fe͑Cit͒͑HGly͔͒ Ϫ , containing a coordinated zwitterion which can be adsorbed by the positively charged amino group on the negatively charged ion surface.'' 56 Berezin et al. 57 investigated codeposition of Zn͑II͒ and Cr͑III͒ from acidic glycine solutions. Cited Russian references indicate electrodeposition of Zn from glycine complexes with ''electrochemical desorption and surface complexation with protonated glycines, i.e., H 2 Gly ϩ and dipolar ͑zwitterion͒, HGly Ϯ ,'' resulted in increased plating rates. Coordinated aquo-Cr͑III͒ complexes were modified by heating CrCl 3 ϩ glycine at 90°C for 1 h, apparently resulting in Cr-glycine complexes with varying degrees of protonation. Protonated cations and zwitterions are adsorbed on the cathode; the adsorbed glycinate ions, i.e., zwitterions, are oriented ͑to the cathode surface͒ by the amine protons, facilitating electron transfer and reduction of the Zn and Cr glycinate complexes. The complexes which were electroreduced simultaneously ͑pH 2.5-3͒ were mostly ͑65%͒ heteronuclear glycinato-complexes, ͓CrZn͑HGly) 2 (Gly) 6 ] Ϫ and ͓CrZn͑Gly) 8 ] 3Ϫ . Although these are anionic complexes, the suggested mechanism included adsorption on the cathode surface involving interaction with concomittantly adsorbed protonated cationic (H 2 Gly ϩ ) and zwitterions by an ion pair mechanism. Adsorption of glycinate ions was confirmed by differential capacitances at pH 3-11. Although bulk solution pH 2.5-3, plating at 70 mA cm Ϫ2 increased cathode film pH to Ͼ4. Using pulsed current (I p ϭ 70 mA cm Ϫ2 , T on ϭ 1 s, T off ϭ 2 s͒ resulted in slightly lower cathode film pH. The change in Zn potential during pulsation favored adsorption of the Cr complexes. Snavely 58 postulated a mechanism for the electrodeposition of chromium from Cr ͑VI͒ solutions which, in retrospect and by analogy, has relevance to the deposition mechanism suggested here. Briefly, this involved the concept that the cathode film consists of a semipermeable colloidal membrane or dispersoid with the film controlled near the pH isoelectric point; pH, CD, CE and solution temperature affect the membrane, providing a dynamic equilibrium. The effects of the hydrogen discharge reaction include the adsorbed hydrogen atoms reducing cations or cationic complexes at the cathode to lower oxidation states. With the slightly increased film pH exceeding the isoelectric pH, the membrane is repulsed and/or destroyed permitting diffusion of H ϩ to the surface, lowering the film pH, restoring the membrane, and controlling it around the isoelectric point.
The references [48] [49] [50] [51] [55] [56] [57] indicate the numerous coordination compounds formed by glycine ͑with various inorganic elements͒, including examples of codeposition of metals directly from glycine complexes. 57 Although glycine is usually presented as (H 2 N-CH 2 -COOH), it is considered a dipolar ion ͑zwitterion͒ whose structure protonates or deprotonates, depending on solution pH Considering glycine as an amphoteric ion, it reacts with cations in alkaline solutions ͑pHϾ isoelectric point at pH 6.1͒ and conversely, with acions in acidic solutions ͑pHϽ isoelectric point͒. The pH range in the prsent plating solutions is ϳ6ϩ and within the cathode diffusion layer the dipolar species is probably in equilibrium with both the anionic (Gly Ϫ ) and cationic (H 2 Gly ϩ ) species, depending on the cathode surface pH ͑Eq. 1͒.
Although glycine and other amino acids form coordination compounds primarily through the carboxyl group ͑O-M-O͒ bonds, 48 they also can complex through O-M-N and N-M-N bonds. 59 Single-metal glycine complexes with 1 IG:1 Gly and 1 RE:1 Gly ratios are probably mononuclear monoligand ͓ML͔ bidentate chelates, through O-M-N bonds, ͓IG Gly͔ ϩ and ͓RE Gly͔ 2ϩ . With ͓ML n ͔ (n ϭ 2, 3) polydentate chelates are probably formed as bis-͓IG ͑Gly) 2 ] 0 and tris-͓RE ͑Gly) 3 ] 0 , respectively. Alternatively, nonchelated, linear O-bridged mononuclear IG bisglycine (͓IG͑Gly) 2 ͔ 0 , Structure 1͒ and mononuclear RE trisglycine (͓RE͑Gly) 3 ͔ 0 , Structure 2͒ complexes would not be as strongly complexed and probably more amenable to electroreduction. Preferential electrodeposition may take place depending on the relative strengths of the individual complexes and ease of electron transfers, however.
Alloy codeposition, however, is more probable with heteronuclear glycinato complexes, as shown by Berzin et al. 57 For codeposition of IGRE alloys, both cations are probably in a common hetero-dinuclear trisglycine complex (͓IG II RE III ͑Gly Ϫ ) 2 (HGly Ϯ ͔ 3ϩ , Structure 3͒.
Zvyagintsev and Goncharov considered an instability of neutral glycine solutions, i.e., the zwitterionic form (HGly Ϯ ), to be due to polymerization, 49 which may be interpreted as resulting in diglycine and/or triglycine peptides. Although an attractive concept, this may not be feasible in aqueous solutions, except through an intermediate diketopiperazine, followed by acidification ͑with HCl͒. Alternately, the zwitterionic species may mimic polymerization by electrostatic attraction between deprotonated zwitterions (Gly As indicated above, the pH of the plating solution is slightly above the glycine isoelectric pH ͑6.1͒ with equilibria primarily between the zwitterionic and anionic forms at the cathode surface. The single RE glycinato chelate complexes are considered strong complexes and probably electrochemically inactive, i.e., not too amenable to electroreduction, compared to the coordination Structures ͑3,4͒ considered here. Further, it is suggested that inclusion of IG ions into a heteronuclear complex inhibits a chelated RE glycinato complex, resulting in the complex Structures ͑3 or 4a,b͒.
As the pH fluctuates at the cathode surface, the glycinato ligands deprotonate, becoming anionic (H 2 N-CH 2 -COO Ϫ ), (Gly Ϫ ), with increased pH and protonate, becoming cationic ( ϩ H 3 N-CH 2 -COOH), (H 2 Gly ϩ ), with decreased pH ͑Eq. 1͒. With the low CEs, the resulting hydrogen discharge reaction might be considered to have similar effects at the cathode surface ͑and the glycinato complexes͒ as proposed by Snavely. 58 The presence and orientation of either coordination Structures 3 or 4 on the cathode surface then result in simultaneous electroreduction of the cations as alloy deposits ͑see Eq. 2 and 3͒. The no. 3 complex is parallel to the cathode surface with the cations at the ends of the multichain-like structure ͑Eq. 2͒. The no. 4 proposed ion-pair coordination structures are the preferred structures with the IG and RE cations oriented perpendicular to the cathode surface via the coordinated aquo ͑or NH 3 ) groups ͑Eq. 3͒. These structures would expose the IG and RE cations to stepwise reduction involving surface-adsorbed H atoms and/or direct electron transfer with the cathode.
No. 3 complex 
Conclusions
IG-RE alloys were codeposited from aqueous chloride and sulfamate solutions. The effects of solution composition and deposition conditions, especially pH, CD, and agitation were investigated by dc and PC electrodeposition. Deposits from Cl-based solutions were more stressed ͑tensively͒ than from equivalent (H 2 NSO 3 )
Ϫ solutions. The deposit RE content is highly dependent on the solution pH and applied current density, increasing with increasing pH and CD. However, the RE deposit content varied somewhat, depending on the codepositing IG species. For example, Nd and Gd deposit contents increased: Ni Ͼ Fe Ͼ Co, whereas Sm deposit contents increased: Ni Ͼ Fe ϭ Co. Metallic Fe-RE deposits did not extend beyond CD ϭ 150 mA cm
Ϫ2
; Ni-and Co-RE deposits appeared metallic with CD у 300 mA cm Ϫ2 . Aminoacids were found to be effective complexing agents for the codeposition of RE alloys. Glycine resulted in higher RE deposit contents than serine or alanine (glycine Ͼ serine Ͼ alanine). Ethylenediamine also appears to be an effective complexing agent, indicating that N-M-N coordination bonds as well as N-M-O and O-M-O coordination bonds may be involved in complexation of the depositing ions.
Ternary IG-RE-B electrodeposits were obtained at low CDs ͑5-40 mA cm Ϫ2 ͒ by adding DMAB to Cl-based solutions. The B deposit contents from solutions containing DMAB decreased with increasing CD. Glyceroborate-containing solutions resulted in higher B deposit contents.
The deposit surface morphology was affected by solution pH, becoming progressively less nodular and finally quite smooth from pH 7 solutions with resulting increased deposit RE contents. The deposit crack pattern was modified with increasing solution temperature, becoming less dense with wider fissures, possibly a result of stress-relief or deposit contraction. XRD spectra indicated nanocrystalline deposits with grain size ϳ5 nm, irrespective of applied CD.
Generally, with increasing RE deposit contents, the deposit coercivity decreased to Ͻ150 Oe, similar to the low coercivities of asdeposited sputtered CoSm or melt spinning NdFeB deposits before increasing significantly with heat-treatment. This is attributed to the small ͑р5 nm͒ grain size, approaching amorphism ͑noncrystallin-ity͒.
Initial efforts to increase the RE deposit content indicate modifications in the solution concentrations and ratios of IG and RE contents to complexant ͑e.g., glycine͒ are required and currently under investigation. CoSm deposits containing 15-18 atom % Sm have been electrodeposited. Preliminary studies indicate that pulsed current techniques provide an approach to modifying deposit characteristics and magnetic properties of IG-RE electrodeposits.
A mechanism for aqueous codeposition of IG-RE alloys is proposed wherein the dipolar ͑zwitterionic͒ characteristics of glycine with pH fluctuations around the isoelectric pH at the cathode surface may result in one or more hetero-dinuclear coordination complexes indicated in the structures discussed, including quasi diglycine and quasi triglycine as ion pairs. The common complexes provide for step-wise reduction of the surface-oriented IG II and RE III ions with atomic H and/or direct electron transfer at the cathode, resulting in IG-RE alloy deposits.
